The properties of these equations are analyzed. The conditions for the improved confined regime are obtained as a function of the momentumenergy deposition rates and profiles.
The appearance of a transport barrier is a consequence of the present theory.
I. INTRODUCTION
In modern auxiliary heated large tokamaks the instability driven by the ion temperature gradient such as the ion temperature gradient (ITG) mode and the qi-mode'-* plays a central role in determining the anomalous heat transport across the magnetic flux surfaces via the ion energy channel. It has been experiment all^^*^ found that the ion temperature gradient is close to the marginal value of the instability. In a recent series of computational and theoretical investigations7-' we have, among others, shown that these modes are excited in a radially extended domain that encompasses many rational surfaces and many ion Larmor orbits due to the poloidal (angle) coupling arising from the toroidicity of the tokamak plasma. This new physical understanding of transport has arisen from the emergence of recent progress in high temperature and low collisional tokamaks that was accomplished with strong auxiliary heating and in sophisticated toroidal computational codes7-' that can look into collisionless collective dynamics .
Spurred partially by this understanding and further by the recent advances in strong drives of flows in hot tokamak plasmas,'O$ll the properties of plasma stability and confinement in the presence of such flows have become a primary research interest. Even though the neoclassical ion orbit loss mechanism has been suspected as the origin of the confinement transition property (the L-H transition) by numerous a~t h o r s ,~~-'~ the recent discovery of the transition from the low confinement (Lmode) regime to higher regimes (such as the VH-rn~de)"-~~ deep in the interior portions of the hot plasma has stimulated theoretical investigations of the roles the plasma flow may be playing in the core transport, as such a transition in a core plasma is unlikely to be directly linked to the neoclassical transport physics alone. The recent discoveries20*21 of a transport barrier in the interior plasma dramatically underscore this point.
Horton and his collaborator^^^-^^ have considered the effects of plasma flows and their spatial shear on the plasma transport. They treated the self-consistent interaction of the fluctuation and the flow shear through the turbulent momentum fluxes. These works on coupled energy-momentum transports are on the resistive interchange mode25 and some on the ion temperature gradient (ITG).22-27 The work in Ref. 25 and that of Diamond and his colleag~es~~ have incorporated the plasma flow shear dynamics into simple transport models that show the possible reduction of fluctuations and subsequent reduction of heat transport at low collisionality.
We carried out toroidal particle simulations based on the TPC code26 including an external electric field which produces a poloidal plasma flow. Shown in Fig. 1 is an illustration of the electrostatic potential contours for three separate runs with or without external flows.
In to - (v,Bo/a) where up is the poloidal velocity, BO the toroidal field and the minor radius.
Because of toroidal geometry BT = Bo/( 1 + r cos 8/R), the constant CY gives rise to a sheared flow with v; 2 wp/R which shows that relatively weak shear produces a substantial change in the convection pattern. At the same time of development the level of electric fluctuations in Figs. l(b) and (c) is much reduced over that in Fig. l(a) . In Fig. 1 (a) the typical long streamers from the coherent ballooning mode and radially connected structures observed in toroidal particle simulation7 and twdimensional linear toroidal eigenvalue are evident. In Fig. l(b) the mode rotation and the flow direction are the same and the streamer structure is adjusted by the presence of flow shear in such a way as to undo some of the magnetic sheared potential streamers in the original eigenfunction of Fig. l(a) . On the other hand in Fig. l (c) the external flow direction is opposite to the mode rotation direction.
The mode amplitude is much reduced and the radial correlation length is shortened. More detailed analysis of this numerical experiment will be given elsewhere.
In Sec. I1 we outline the derivation of transport equations that describe the temporal evolution of (i) the plasma fluctuations, (ii) the temperature gradient, and (iii) the two components of shear flows from the kinetic equation of the plasma and its moment equations.
We condense the physics of these effects into four equations for the state space formed from quantities that measure these quantities over the transport region. We now call this the four-field model in Sec. 111. As an application of these equations, we discuss the effect of the transition between the low and high confinement regimes in this section. In Sec. IV we discuss a reduced model with three field variables and obtain analytic properties of the solutions of different confinement regimes. In Sec. V we discuss the prospect for plasma control via shear plasma flow with externally imposed profile of poloidal and toroidal momentum inputs as well as energy deposition for quality improvements in reactor grade tokamak plasmas and we summarize and draw conclusions. 
BASIC EQUATIONS
where the heat flux q is a quadratic power of ($(z) 
where Vnc = ; ; ; ; ; $g B2 ( (q)2), q is the safety factor and rZ1 is the radial-perpendicular element of the Reynolds stress tensor, which is given as Since current model, drZy/dx can be simplified and we obtain from Eq. (9)
= &(0)5/2K/s5/2(0 + K ) 2 -const and A = yK2/2sli2 + KI4 5 1 -const for the
The stabilization effect of the ITG mode by the poloidal flow has been investigated by Dong and Horton,22 who found that the reduction of the growth rate is a quadratic function of ul,. The linear growth rate is now given as
where uy E (L,/c,)du~/dr, and cv is proportional to (L.q/cs). 
THE FOUR-FIELD MODEL
First, in order to simplify the coupled energy-momentum transport equations to describe the anomalous ion transport in the presence of flows based on the global relaxation phenomena shown in Refs. 9 and 32, we assert (i) that the temperature has been relaxed to the exponential profile To(r) c x e -r / h , where I & is a global (or semiglobal) constant in the transport zone, (ii) that the eigenfrequency w is a global(or semiglobal) constant for the radially extended modes, and (iii) that the amplitude of electric potential fluctuations (and its square /$I2) is a global (or semiglobal) constant. Other physical quantities such as magnetic shear s can be a radial functions. However, in order to emphasize the radial profile of the ion temperature and the control parameters P(r) and Pp(r), we will suppress the radial dependence of s and other parameters in this work. In fact carefully monitored profiles of P(r) and P,(r) may be crucial in controlling and/or improving the transport in the current and future experiments and our future theoretical work need to incorporate these. When the external control parameters P(r) and Pp(r) have a strong r dependence, it may also influence the equilibrium radial distribution. However, in this work only the influence of the radial profile of control parameters manifests in the radial dependence of variables 1q5I2, e, vi, and 2 1 1 . Thus l3q. (8), for example, has a significant radial dependence only through l/T(r)
and Pp(r) and thus the first term on the right-hand side of Eq. (8) It is instructive to examine the physical meaning of each term in Eqs. (13)-( 16). Equation (13) describes the temporal evolution of fluctuation energy W . The first term in the bracket is the linear growth rate, which is proportional to the difference of the temperature gradient away from the critical value e -ec. The second term is the nodinear (or quasilinear) damping (saturation) due to the plasma turbulence. The last term is the stabilizing term due to the poloidal shear flow. In Eq. (14) the temperature gradient E = -adtnTi/dr evolves according to the anomalous heat transport term ZWZ (the first term on the righthand side), which has arisen from l/r d/dr(rXi dT/dr), the neoclassical collision term (the second), and the heating term (the last term) that deposits energy in the plasma. This last power deposition term is the external control parameter (available to the experimenter).
The two components of momentum balance are given by Eqs. (15) and (16). In Eq. (15) the first term on the right-hand side is the neoclassical viscous damping and the rest is the anomalous off-diagonal Reynolds stress term which is driven by the presence of the toroidal flow shear. The toroidal shear flow is coupled with the poloidal flow through the plasma fluctuations. The coefficient E2 is such a coupling coefficient. Equation (16) describes the time evolution of vi, whose structure has a parallel to Eq. (14). The fist term is the anomalous momentum transport, the second the neoclassical viscosity, and the last is the I input momentum deposition rate in the plasma. The control parameter P' can be zero even though the input energy deposition rate P is nonzero. This is because the net input momentum deposition can be balanced to zero by symmetric injection of opposing neutral beam injection (NBI) lines. Since the beam momentum deposition is sign dependent, P' can take both positive and negative signs. Several authors including those in Refs. 14-16 have used a similar set of equations to Eqs. In the present work we started from the basic kinetic equations and took its moments.
The moment equations are effectively closed by using a combination of neoclassical and turbulent transport terms. As in neoclassical theory we also recognize the different roles of the poloidal and toroidal components of the flow. Roughly speaking, the toroidal flow can be either destabilizing and stabilizing depending on the magnetic shear, the ratio B,/B, and the strength of the shear flow gradient. Here we emphasize the former (stabilizing) possibility which dominates for strong toroidal flow gradients. On the other hand, the poloidal flow is strongly stabilizing. This is because radially extended streamers excited in a toroidal plasma7-' are torn apart by the presence of shear flows. The poloidal or perpendicular shear flow tends to simply destroy the radial structure.
In the present work we do not attribute solely the collisional effect to the cause of the L-H transition, but consider the effect of off-diagonal stress tensor due to the plasma fluctuations.
These off-diagonal elements can arise from the neoclassical effects as well, and, if the plasma is near the edge and of low temperature, we in fact expect the neoclassical off-diagonal term be of importance. In the present work, however, for simplicity we emphasize the offdiagonal Reynolds stress mediated by plasma fluctuations. In a more complete transport work, however, both neoclassical and anomalous effects in off-diagonal as well as explicit radial dependence have to be explored. Sugama and Horton worked on a problem of resistive ballooning mode keeping the neoclassical and anomalous transport rates on equal footing.14 In order to understand the physical properties of the set of equations (13) e=--- 
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The overall behavior based on the high power analysis with the W4, W 3 , and W 2 terms is similar to that found from the low power analysis with the W 2 , W , and W o terms in Eq. (24).
For brevity of presentation we will not discuss this further.
We now investigate temporal evolution of the system of equations (13)-( 16). In Fig. 3 we show an example of the time evolution of the four fields W, e, vi, and U I and their projected phase space orbits (W, e), ( u~, t$), (W, u~) , and ( Fig. 4 we show a case with AP' = 1 with the other parameters kept the same. In Fig. 5 we survey runs with various AP' ranging from 0.05 to 1.5 (other parameters axe the same as in Fig. 3) . Figure 6 surveys the u scan from u = 0.05 to 1.5 with other parameters fixed at the canonical values.
IV. REDUCED THREE-FIELD MODEL: CONFINEMENT TRANSITION
In the previous section we derived four equations describing the four independent state variables, including the toroidal flow (shear) and poloidal flow. This is based on the realization that the toroidal flow shear can be either destabilizing or stabilizing depending on the detailed situation and parameters. Broadly speaking, the toroidal flow can enhance the overall centrifugal force that contributes to instability, while its shear could often shred the toroidally coupled mode structures, which contributes to stability. On the other hand, the poloidal flow (shear) is not destabilizing at the strengths reported and predicted. Certainly with enough shear, the shear flow instability may arise,= but this is not the regime of the tokamak experiments. 
( 44) where we may allow the temperature dependence of the neoclassical collisionality u. Here we simplified Eq. (13) to obtain Eq. (42) with 710 = 1 and e, is neglected. From Eq. (14) we neglected u2 to obtain Eq. (43) and simplified the power of e. In Eq. (15) we simplified the second term on the right-hand side and used Eq. (16) to get the shear flow coupling with the input momentum (a rough approximation as stated above) to obtain Eq. (44).
Once we reduce Eqs. (14)-( IS), the reduced set of three equations resemble those of Sugama and Horton.'* We have, however, retained both external control parameters P (the energy deposition) and P (the momentum deposition) as in the previous section. In the following we first discuss the physics (and confinement behavior) without P'. And then we go to the case with both P and P' present.
A. No Beam Momentum Injection (P' = 0)
We first identify fixed points of Eqs. (42) 
where the subscript 0 or 1 refers to case (i) and (ii).
The condition to have case (ii) is from Eq. (49)
Now, we study the stability of the flow around these fixed points. In the neighborhood of these equilibrium states we linearize Se -ext7 SW N ext, SF -ext. Now, the main point is that the SF-mode has the eigenvalue 2d c2
For (i) [Eq. (48)] P < P* (Fo
and goes unstable at P = P* = -cyn, where we found the new equilibrium branch.
Now we examine the stability of the new branch (ii) [Eq. (49)] where
The stability problem is written by the perturbation matrix equation
This can be cast into the form x3 + A A~+ BX + c = 0, where and For I F 1 1 << 1 we have dv2yn delu
Since A and B are positive, the condition for the cubic Eq. (59) in X to go unstable is that C a ( P -P*)/ud be large enough that
or that C < 0. Here we are using that A and B are positive definite. Equation (65) is written as The second type of instability from Eqs. (58)- (62) is a thermal instability when C goes negative. The confinement goes out of the H-mode state without oscillations with the slow exponential growth rate X = -(C/B) > 0. This thermal instability occurs when the collisional damping decreases sufficiently rapidly with the temperature gradient el such that
Such a condition occurs when h ( v ) = (3/2).f?n Ti +en n is linked to the temperature gradient
Qualitatively, we expect that a steep gradient, large el, produces a large T i / ? ' ' .
Quantitatively, we argue either
and thus we obtain the weak exponential growth rate for the estimate of the thermally unstable H-mode that occurs when the collisionality decreases sufficiently rapidly with the increasing temperature gradient el.
In summary we see that for P < P* the effective thermal conductivity vanes as Xes o (
(dP/yn)l12 and that for P > P* the effective conductivity is X a = (du/c). 
The stability analysis is complicated, and the results depend on which branch of the equilibrium the system is on. Let us study the equilibrium now.
Three Equilibrium Branches for P' # 0
Using e = P/dW and Eq. (68) for Fo driven by P', we obtain the following condition of turbulent wave energy balance We may anticipate that the stability analysis of the WH+ may show the onset of oscillatory solutions for P' > (= the critical value) from A, B , C. This is the same as the case of the high P ( P = 0) regime treated in Subsec. W.B. A summary of this section may be given in Fig. 7 (Ref. 36) .
V. SUMMARY
In a toroidal plasma (such as a tokamak) the toroidicity-induced coupling forces the modes that are originally localized near a rational surface to couple over a macroscopic radial extent. That is, without shear flow the radial correlation length develops a dependence on the size of the tokamak in addition to the microscopic scale lengths. As a result, for example, the ion temperature gradient (ITG) driven modes form radially extended This global or semi-global mode s t r u c t~r e~~~~~~~ causes the plasma transport to manifest nonlocal signatures. Among these are the self-organized critical gradient b e h a~i o r ,~t~*~j~~ the teleological transport as coined by Gentle,37 and the Bohm-like scaling law for ion thermal instead of fields that are functions of r. Although we introduced a certain amount of approximations, such as a loose treatment of the changing value of the neoclassical collisionality, nonetheless, within the framework of the semi-global description we are able to start from the original gyrokinetic equations to systematically arrive at transport equations for these (semi)global transport variables.
Of particular importance in these transport equations are the effect of shear flows in a plasma, as regards to the recent advances in experimental research with strong external heating and flow^.^^^^^ The derived equations (13)-(16) are for the fluctuations 1q5I2, the temperature gradient (normalized) e , the toroidal flow shear 4 , and the poloidal flow UI.
The external control parameters are not just the heating power deposition P but also the (toroidal) momentum deposition Pp (or P') . The main feature of the theory is that each transport variable is coupled with each other through the presence of plasma fluctuations W . The plasma fluctuations yield off-diagonal elements in the Reynolds stress tensor in the presence of plasma flows, since the flows break symmetry of the purely temperature (pressure) gradient driven instability.l49" In Sec. I11 we studied steady-state properties of Eqs. (13)-( 16) and have seen the L-mode-like transport branch and the higher confinement branch that is strongly influenced by the heating power deposition P and the momentum deposition P'. It is the momentum deposition P' that by and large reduces the transport decisively. Some of the temporal behaviors have been studied through numerical integration.
In order to enhance the analytical tractability and physical clarity, we isolated the effects of shear flows only to the stabilizing influence and neglected the distinction between the stabilizing part of the toroidal shear flow and the poloidal flows. In addition, we neglected the destabilizing part of the toroidal shear flow that occurs from the parallel Kelvin-Helmholtz The present theoretical approach and modeling may also be relevant to convectively unstable reactor fluid dynamics and its heat transport as well as to the stellar convection zone transport. 
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